Objectives To demonstrate the potential benefits of biochemical axial
Introduction
Lower-back pain is the most common reason for limitation of activity in patients below 45 years. The lifetime prevalence of lower-back pain is up to 80%, leading to enormous costs due to treatment and work absenteeism [1] . Degenerative disc disease (DDD) is regarded as the most prevalent cause of lower-back pain, even though the pathophysiological correlations between pain and disc degeneration are not fully understood as the problem of lower-back pain is multifactorial [2] . In intervertebral discs (IVDs), the annulus fibrosus (AF) consists of fibro-cartilage; its function as a rigid containment for the nucleus pulposus (NP) accounts for its fibrous structure and low water content. The gelatinous structure of the NP, however, consists mostly of water, bearing a low yield of collagenous material. Degeneration of intervertebral discs is initiated by the incapacity of disc cells to maintain a highly hydrated proteoglycan rich matrix of the nucleus pulposus as well as a loss of the collagen structure that affects the mechanical integrity of the IVD. The IVD's mechanical function in distributing axial loads and absorbing shock while providing flexibility relies heavily on the hydrodynamic capabilities of the NP [3] [4] [5] [6] .
Magnetic resonance imaging (MRI) is a well-established method for the evaluation of DDD, providing primary diagnostics as well as grading of disc degeneration. Morphological axial and sagittal T1-and T2-weighted imaging are standard diagnostic methods; however, they are limited in detecting early signs of degeneration [7] . Therefore, several grading systems used for the classification of DDD focus on loss of signal intensity in sagittal T2-weighted images. Some authors, however, state that early degeneration may exist before a significant loss of T2 signal intensity occurs [8] [9] [10] [11] ; these early alterations cannot be measured by standard MRI sequences. Another limitation of today's standard MRI protocols is the distinction of the nucleus-annulus interface. In healthy IVDs, the nucleus can easily be distinguished on MRI from the annulus fibrosus. In degenerative IVDs, on the other hand, the distinction of nucleus pulposus and annulus fibrosus may be difficult to evaluate or may even completely be lost in end-stage DDD. The detection of early degeneration is also dependent on the visualisation of biomechanically important structures, as for example in the annulus fibrosus, where Thompson described the mucinous infiltration and a loss of fibre orientation of the inner annulus as some of the earliest signs of disc degeneration [12] .
Watanabe et al. [13] demonstrated axial biochemical T2 mapping as a potential diagnostic method allowing for quantitative measurement of the structural integrity of IVDs. Utilising this new technique, more detailed evaluation and grading of spinal disorders is possible. Furthermore, new classification and scoring systems of DDD that take findings gained from T2 mapping into account may be implemented in order to detect degenerative processes within the IVD earlier than other diagnostic methods. T2 mapping allows for quantitative grading of the condition of the IVD as it is highly sensitive to hydration and collagen structure; however, providing high enough resolution, this technique is impaired to a certain degree by high time consumption and is limited to high-field MR units [13] . T2* has also proven to be a reliable and valid method in biochemical cartilage imaging [14] . Few available studies imply a close relationship to T2; nevertheless, T2* seems to be more dependent on micro-structural tissue changes and has shorter imaging times providing the same spatial resolution; therefore T2* appears to be an adequate diagnostic method that can be implemented into a clinical MR protocol [15] .
The purpose of our study was to demonstrate the potential benefits of biochemical axial T2* mapping of IVDs regarding the detection and grading of DDD using a large patient cohort; furthermore, to correlate our results with already existing clinical scores with the goal to assess the capability of T2* mapping as a diagnostic technique on a day-to-day basis.
Materials and methods

Patient population
The study was approved by the local ethics committee (Kantonale Ethikkommission Bern KEK 18/05). Ninetythree patients (37 male, 56 female) suffering from various impairments originating from the lumbar spine (L1/2, L2/ 3 L3/4, L4/5 and L5/S1) were examined using a standard MRI protocol including axial T2* mapping sequences. Mean age at the time of the examination was 53 years (SD, 16 years; range, 18-87 years). The symptoms and diagnoses ranged from moderate lumbar disorders such as lower-back pain up to herniated IVDs; totally collapsed discs, however, were excluded from the study. In total, 239 lumbar discs were examined.
Image acquisition
MR examination was performed on a 1.5-Tesla MR unit (Magnetom Avanto, Siemens Erlangen, Germany). The imaging protocol included morphological (sagittal T1-weighted fast-spine-echo as well as sagittal, axial and coronal T2-weighted fast-spine-echo) and biochemical sequences. T2* mapping was used instead of T2 mapping, because within given measurement time it is possible to perform T2 (MSME) measurement with slice thickness lower than 2-4 mm, which is a three-dimensional (3D) technique.
As a result, these maps have limited spatial resolution with section thickness in the range of 2-4 mm on current systems. The 2D acquisition precludes reformatting the data into 3D surface maps and requires reliable positioning to achieve reproducible results, a critical factor in longitudinal studies. Therefore T2* imaging has in addition the possibility to reformat 3D data in any arbitrary orientation. However, this is true only in case of isotropic 3D measurements, which were not applied within our study.
The inherent variability in the 180-degree refocusing pulses leads to error in T2 estimates as a result of the contribution from stimulated echoes and magnetisation transfer (MT). The T2* value is related to T2 as follows: 1/T2*01/T2+1/T2', where 1/T2' can be given by ã∇B. Assuming the applied static magnetic field (B0) is uniform and constant over the region of interest (ROI), then the 1/ T2' term will only be influenced by local susceptibility fields. The lack of radiofrequency refocusing pulses substantially decreases the contribution of MT to cartilage contrast and thus may lead to differences in sensitivity of T2* and T2 to changes of disc structure T2* relaxation times were measured by a multi-echo gradient-echo sequence (TR/TE/FA~600/5.7, 9.8, 14, 18.1, 22.2, 26.4/20°, 1.5 mm slice thickness). Imaging time decreased to 3:05 min compared with the T2 protocol. Axial T2* mapping was performed on the same IVDs that were examined morphologically with the routine protocol; therefore, T2* mapping was performed on two or more IVDs in some patients.
Data analysis T2* maps were calculated using an inline processing package (SyngoMapIt) supplied by Siemens MR (Siemens Medical, Erlangen, Germany) which uses a log-linear least-squares method to fit the echo intensities. Each intervertebral disc was covered by three slices, representing the weight-bearing central part of the disc. In cases with severely degenerated intervertebral discs, only the most central slice was used in order to avoid flawed ROI analysis/structural interference originating from the endplates. Totally collapsed discs were excluded from the data. Within each slice, a total of 21 ROIs were drawn by one observer experienced in musculoskeletal radiology for 5 years in consensus with a senior musculoskeletal radiologist. Regardless of eventual underlying pathological conditions, except for collapsed disc space, these ROIs were drawn following a standard protocol for all IVDs. The ROI analysis was performed in one central, sagittally oriented column (C) and two oblique columns (L, R), thus creating three perpendicular columns of ROIs spanning through the entire cross-section (Fig. 1) . For each column, seven rectangular ROIs (C1-C7, L1-L7, and R1-R7) sized between 380 and 420 pixels, were drawn across the entire IVD. ROI 1 was drawn at the posterior margin of the disc, ROI 7 at the anterior margin, thus representing the outer annulus fibrosus (AF); ROIs 2 and 3 as well as ROIs 5 and 6 were created within the boundary region between inner annulus fibrosus and nucleus pulposus (NP). ROI 4 was drawn at the centre of the IVD, representing the centre of the nucleus pulposus. Furthermore, in ROI 4, overlapping of all three columns was allowed to occur.
Classification and grading system
Radiological evaluation was performed utilising the standard morphological T1-and T2-weighted images. All images were graded by an experienced radiologist (15 years of experience with MRI) and an experienced orthopaedic spine surgeon (10 years specialising in spine surgery) by consensus decision. Initially, all discs (n0239) were divided into a group of healthy IVDs (n072) and a group of abnormal IVDs with any pathological condition (n0167). All abnormal discs were further subdivided into three groups according to the diagnosis based on morphological evaluation. Group 1 included mild to moderate disc degeneration without other impairments (n077); group 2 comprised all IVDs in which annular tears in the AF were detected (n08). Herniated/protruded NPs were subsumed in group 3 (n082).
Additionally, all IVDs were evaluated with the Boos/ Pfirrmann grading system for degeneration [16] . For this score, sagittal T2-weighted MRI were used. Grade V of Pfirrmann's scoring system was intentionally omitted since grade V includes lumbar segments with an entirely collapsed intervertebral disc space; our study design, however, excluded collapsed IVDs a priori.
Statistical analysis
Mean values were used for statistical analysis. Quantitative evaluation was done by analysis of variance using a threeway ANOVA with random factor, considering the fact of different measurements within each patient or control. All statistics were done with SPSS version 14.0 (SPSS Institute, Chicago, IL, USA) for Windows (Microsoft, Redmond, WA, USA). Differences with a P value less than 0.05 were considered as statistically significant.
Results
Results for all intervertebral discs T2* relaxation time values at ROIs 1-7 in each column of all IVDs were combined and the mean values were calculated. Figure 1 shows a typical cross-sectional T2* relaxation time profile including the central, oblique left and oblique right columns of ROIs. The distribution shows lower mean values in the outer ROIs (ROIs 1 and 7) and rising mean values in the central ROIs (ROIs 2-6 ). Separate analysis of the central (C), oblique left (L) and right (R) lateral columns did not reveal any significant difference (Fig. 2) .
Comparison of healthy and pathological intervertebral discs All IVDs marked as healthy (n02) in the morphological evaluation were combined and the mean values were calculated. As demonstrated in Fig. 3a , a cross-sectional T2* relaxation time profile revealed higher mean values within the ROIs 2-6 (inner AF and NP) than in the ROIs 1 and 7 (outer AF). Compared with healthy discs, all IVDs that were morphologically marked as pathological (n0167), showed significantly lower T2* values (P<0.05) in ROIs 2-6 (inner AP and NP). T2* relaxation times for ROIs 1 and 7 (outer AF) are not significantly lower compared with healthy discs. That implies the discrimination between nucleus pulposus and annulus fibrosus becomes less clear in pathological discs. Again, separate analysis of the lateral-oblique ROI columns resulted in no significant difference compared with the central mean T2* values. Data for left-and right-lateraloblique T2* relaxation time values are shown in Fig. 3b .
Results regarding classification of disc disease
IVDs with mild to moderate signs of degeneration (group 1, n077) show significantly lower mean T2* values for ROIs covering the anterior inner AF and the NP (ROIs 2-5) compared with healthy IVDs, whereas T2* values covering the outer AF and posterior inner AF (ROIs 1, 6 and 7) are similar to healthy IVDs (Fig. 4) .
The same pattern can be found in the group of IVDs with herniated nucleus pulposus (group 3, n082). The T2* values for the inner AF and NP are lower, the values for the outer AF equal compared with healthy IVDs.
Discs with annular tears (group 2, n08), however, show global mean T2* relaxation time values similar to healthy discs in all ROIs. No significant decrease in relaxation time was observed in this group.
Results regarding Pfirrmann classification
Using the Boos/Pfirrmann score, 80 IVDs were classified as grade I or healthy, 81 as grade II, 48 as grade III, and 30 as grade IV (Table 1) . Severe degeneration corresponding to Pfirrmann's grade V was excluded from this study. Separate analysis according to the morphological Boos/Pfirrmann score shows global T2* relaxation times decreasing with increasing Pfirrmann grade. Furthermore, the typical pattern of an ROI column flattens as the severity of degeneration increases and the distinction between nucleus and annulus becomes unclear (Fig. 5) . Grade IV IVDs show atypical profile compared with the other grades of degeneration. The decrease in T2* values, however, occurs more prominently in ROIs covering the central sections; values in ROIs 1 and 7, located within the outer AF, were not significantly lower (Table 2 and Fig. 6 ).
Discussion
In this study we developed and investigated an MRI method, applicable for conventional 1.5-Tesla units, for axial T2* weighted mapping of intervertebral discs which can be used in a clinical set-up. Other studies already showed that quantitative sagittal T2 mapping allows to show significant differences between herniated disc and annular tears compared with discs without pathological abnormalities [17] and can characterise different degrees of disc degeneration quantitatively [18] . Moreover it was shown that quantitative sagittal T2* is more sensitive for depicting changes in the annulus fibrosus compared with normal T2 sequences [19] .
In contrast to sagittal oriented imaging methods, axial mapping allows the examination of a larger disc area and has shown to be a useful grading instrument, especially for early stages of disc degeneration [13] . Therefore, our hypothesis was that axial T2* mapping is a promising technique to show early stages in disc degeneration in all areas of the intervertebral disc. The definition of 21 ROIs in the sagittal and two oblique cross-sections was necessary to observe and compare structural changes in the IVD itself independent of the underlying pathology.
Analysis of all healthy intervertebral discs assessed in this study revealed a distinct cross-sectional T2* value profile; T2* values were significantly lower in ROIs, covering the annulus fibrosus, compared with ROIs covering the nucleus pulposus. This demonstrates that T2* mapping is a sensitive marker for water and collagenous tissue. The fact that no difference between the central, left lateral, and right lateral column was obeyed indicates the nearly identical biochemical structure of all three columns.
Regarding all pathological IVDs, the global mean T2* values were significantly lower, especially towards the centre of the disc representing the expected decreased water content of the nucleus. Separate analysis regarding specific disc pathology, however, revealed that only discs affected by mild to moderate degeneration, without any signs of tears or herniations, had lower T2* values in the central regions solely. In herniated discs, not only the ROIs within the nucleus pulposus but also ROIs covering the annulus fibrosus showed decreased T2* values. Mean T2* values in discs affected by annular tears did not differ significantly from healthy IVDs. Although the sample number in this group was smaller (n08), annular tears seem not be accompanied by the same microstructural and biochemical alterations as observed in otherwise degenerated discs, indicating a different underlying disease process. T2* seems not capable of detecting such small lesions; here, probably protocols for high-field MR units with better resolution are better suited for quantitative assessment of annular tears.
Watanabe et al. [13] described the potential benefits of standard axial T2 mapping in the lumbar spine. In correlation with clinical evaluation, it was demonstrated that T2 relaxation times correlate with the structural integrity of IVDs. Benefits of T2 mapping as a routine technique for biochemical and structural analysis of cartilage tissue, not only on the spine but also on other joints, such as the hip, knee, and ankle, have been confirmed by several other publications. T2* mapping does not differ extensively from T2 mapping and is expected to depict the same structural changes within IVDs with shorter imaging times and without the restriction to high-field MR units. However, T2* is more likely to be affected by susceptibility fields which may originate either from the boundary layer between cartilage and bone or on a microscopic scale; this further implicates that T2* may be more sensitive to microstructural changes, but it is also more affected by susceptibility artefacts deriving from metallic implants, etc. In our study, however, we did not encounter severe limitations caused by susceptibility artefacts.
We could not determine any variations in signal intensity due to magic angle effects; such variations may occur during imaging of IVDs with a vertically oriented magnetic field when collagen fibres are aligned with an angle of 54.7°to the static magnetic field B0 [20] . In our case, however, B0 was orientated horizontally and therefore no signal variations should have been expected [21] . Due to our detailed ROI analysis, variations of the T2* signal in areas where the collagen fibres were close to the magic angle would have been detected easily.
A major limitation of our study is the fact that no histological or biochemical analysis of intervertebral discs has been performed. Therefore it is not possible to demonstrate a direct correlation between T2* relaxation times and the actual condition of IVDs.
In conclusion, axial T2* mapping is feasible to detect early stages of degenerative disc disease. Our study demonstrates the potential benefit of axial T2* mapping as a diagnostic tool, allowing the quantitative assessment of intervertebral disc degeneration. The protocol can be performed in one-third of the MR data acquisition time used to perform a T2 mapping and can be performed on a standard 1.5-T unit in a clinical setting and therefore has the potential for large population studies. 
